To examine whether metabolic compensation during seasonal acclimatization at the liver mitochondrial level is consistent with that at the whole-animal level, respiration rates of liver mitochondria and resting metabolic rates in winter-and summer-acclimatized southern catfish (Silurus meridionalis Chen) were measured. At 12.5, 17.5, 22.5, 27.5 
Seasonal temperature fluctuation in temperate zones is a gradual process. Animals can regulate their metabolic mechanisms to compensate for the impact of environmental change, and to maintain their function and capacity at the new condition (Guderley et al., 1997; St-Pierre et al., 1998; Carlson and Parsons, 1999; Guderley and St-Pierre, 1999; Martin et al., 2009 ). This regulation following seasonal variation is called seasonal acclimatization. Metabolic compensation can evolve at each level of biological organization: cellular, tissue and organ and integration across these levels results in metabolic compensation at the whole-animal level (Hazel and Prosser, 1974; Johnson and Bennett, 1995; Hochachka and Somero, 2002) . Seasonal acclimatization or thermal acclimation can regulate the metabolic capacity of mitochondria in various organs for a number of species (Guderley and Johnston, 1996; Guderley and St-Pierre, 1999; Bouchard and Guderley, 2003; Moyes and Hood, 2003; Guderley, 2004; Kraffe et al., 2007; Lanning et al., 2003; Lannig et al., 2005) . Metabolic regulation at a mitochondrial level plays a pivotal role in the compensation response at the whole-animal level (Guderley and St.-Pierre, 2002) .
Studies of the compensatory effects at different organizational levels for the same species have yielded contrasting results. In some species thermal acclimation can evolve compensatory metabolic capacity in both individuals and the mitochondria of organs (Zheng et al., 2008) . In contrast, although metabolic compensation occurs at the mitochondrial level, it is not always or not fully manifested at the whole-animal level (Lannig et al., 2005; Tullis and Ballie, 2005; Fangue et al., 2009) . Therefore patterns of compensation across different organizational levels within a species during seasonal acclimation remain varied and unclear.
The southern catfish (Silurus meridionalis Chen) is a carnivorous species endemic to China and wildly distributed in the Yangtze River, a water system that undergoes considerable seasonal fluctuations in temperature. In the middle reaches of this river near Chongqing, the water temperature is around 12°C in winter and 28°C in summer. Changes in metabolic rate at the liver mitochondrial level due to acute changes in temperature in this species appear to be inconsistent with changes at the whole-animal level (Yan et al., 2008) . This suggests that metabolic thermal sensitivity is different for the individual and its liver mitochondria, and the question remains: is metabolic compensation at different organizational levels consistent in this species as it undergoes seasonal acclimatization? Here, we measured the respiration rate of liver mitochondria and resting metabolic rate in winter-and summer-acclimatized southern catfish to examine whether metabolic compensation at the mitochondrial level is consistent with that at the whole-animal level. We aimed to provide an experimental foundation for further studies into the mechanisms of metabolic regulation during seasonal acclimatization.
Materials and Methods

Animals and acclimation conditions
Southern catfish were bred using artificial fertilization and kept in aquaculture systems at the Institute of Fishery Sciences, Southwest University, Chongqing, China. The tested animals were young-of-the-year with a mean body mass of 84.70 ± 8.03 g (range: 69.73-113.21 g). They were maintained at a natural temperature and photoperiod. Fish were fed once every second day to satiation on cutlets of freshly killed loach Misgurnus anguillicaudatus. Experiments were carried out in February 2008 (winter) and August 2007 (summer). The winter group fish were maintained at 12.5°C and the summer group at 27.5°C for two weeks before measurements. Fish were deprived of food prior to the resting metabolism experiment to eliminate specific dynamic action in its metabolism. The winter groups were fasted for seven days and the summer group for three days to ensure that their guts were empty (Xie and Sun, 1990 ).
Resting metabolic rates
Forty fish were used to measure resting metabolic rates (Ms: mg O 2 h -1 kg -1 body mass) in each seasonal group and were equally divided into five temperature groups (12.5°C, 17.5°C, 22.5°C, 27.5°C and 32.5°C), respectively. Oxygen consumption rate of the fish was measured using a continuous-flow respirometer according to the method designed by our laboratory (Xie and Sun, 1990; Fu et al., 2005) .
Preparation of mitochondria
We assessed mitochondrial respiration for thirty fish in each group: six specimens were measured at each of five assay temperatures (12.5°C, 17.5°C, 22.5°C, 27.5°C and 32.5°C). Mitochondria were isolated by differential centrifugation (Beckman, model J2-1). All procedures were carried out on ice and the centrifugation was done at 4°C. After fish were killed by transection of the spinal cord behind the head, livers were removed immediately and weighed. Liver samples (approximately 0.3 g) were chopped coarsely with scissors and suspended in 1.5 ml isolation buffer A (250 mM sucrose, 10 mM TES, 1 mM EDTA, 64 μM BSA, pH 7.4), then homogenized using a Teflon/glass homogenizer. The homogenate was centrifuged at 12100 × g for 10 min and pellets were suspended with 1 ml ice-cold isolation buffer B (250 mM sucrose, 10 mM TES, 1 mM EGTA, 64 μM BSA, pH 7.4). Supernatants were centrifuged at 980 × g for 10 min, pellets containing nuclei and cell debris was discarded. Supernatants were centrifuged at 8800 × g for 10 min. Pellets were then re-suspended (1:1, w/v) with ice-isolation buffer C (100 mM KCI, 20 mM TES, 1 mM EGTA, pH 7.4) (Sundin et a1., 1987; Zhao and Wang, 2005) .
Mitochondrial respiration
Mitochondrial respiration was measured at five assay temperatures (12.5°C, 17.5°C, 22.5°C, 27.5°C and 32.5°C) using a Clark electrode (Hansatech Instruments Ltd., London, UK). A total of 100 μ1 of the mitochondrial suspension was combined with assay medium (0.225 M sucrose, 50 mM Tris, 5 mM MgCl 2 6H 2 O, 1 mM EDTA, 5 mM succinate, 5 mM KH 2 PO 4 , pH 7.4, succinate as substrate) to a total volume of 2 ml. The maximal rate of oxidative phosphorylation (state 3 respiration rate) was obtained with the addition of ADP to a final concentration of 0.25 mM, and mitochondrial oxygen consumption was calculated as nmol O 2 min -1 mg -1 mitochondrial protein (Mp: nmol O 2 min -1 mg -1 mitochondrial protein). The protein content of mitochondria was determined by the Folin phenol method with bovine serum albumin as standard (Lowry, et al., 1951) . State 4 respiration rates were measured after depletion of ADP. Each measurement of the rate of oxygen consumption and mitochondrial protein content was duplicated. If deviation of the two readings exceeded 2%, one or more measurements were repeated until the deviation of the two readings was within 2%. The average of the two values was recorded as the test result. The respiratory control ratio (RCR) was calculated from the ratio of the state 3 rate to the state 4 rate to determine the couple of the preparation.
Statistical analyses
The hepatosomatic indices (HIS %) of the tested fish were calculated by the formula HIS = (liver mass / body mass) × 100. Statistical analysis was conducted using SPSS v11.5 (SPSS Inc., Chicago, USA). All results were expressed as mean ± SE Differences between acclimatized groups at a given assay temperature were tested using independent-samples t tests, and alpha was 0.05. Linear regression analysis was used to analyze the relationships between metabolic rate and temperature. Covariance analysis was used to compare regression slopes and intercepts between two acclimatized groups.
Results
Effect of seasonal acclimatization on resting metabolic rate
Ms (mg O 2 h -1 kg -1 body mass) of the southern catfish in winter were greater than in summer at each assay temperature, but differences were not statistically significant except at 32.5°C (Table 1) . The relationship between Ms and temperature was described by the double-logarithmic equation lnMs = a + b lnT (Table 2) . Data are expressed as means ± SE (n = 6 for Mp and n = 8 for Ms); different letter superscripts in each column indicate significant differences between seasons (P < 0.05) The covariance analysis showed the slope (b) of the equation in winter did not differ significantly from summer, and using the common b (1.835) for the two equations the intercepts (a) were adjusted to -1.401 and -1.487. Further covariance analysis indicated that there was no significant difference between the two intercepts, suggesting that seasonal acclimatization had no effect on resting metabolic rate.
Effect of seasonal acclimatization on mitochondrial respiration
For the winter and summer group, state 3 respiration rate (Mp: nmol O 2 min -1 mg -1 mitochondrial protein) of liver mitochondria increased with increasing temperature (Table 1) . At each temperature, Mp of the winter-acclimatized fish was higher than for summer-acclimatized animals. Differences between the winter and summer groups were significant (P < 0.05) except at 22.5°C and 27.5°C (Table 1 ). The double-logarithmic linear equation lnMp = a + b lnT was used to describe the relationship between Mp and temperature ( Table 2 ). Covariance analysis showed that the slopes (b) in the equations did not differ significantly between the seasonal acclimatized groups, and using the common b (1.165) for the two equations the intercepts (a) were adjusted to -0.389 and -0.901. Further covariance analysis showed that the difference between the two intercepts was significant (P < 0.05).
State 4 rates of liver mitochondria also increased with increasing temperature, only the difference between the winter and summer groups at 32.5 °C was statistically significant (Table 1) .
Effect of seasonal acclimatization on Hepatosomatic index (HIS) and protein content of mitochondria
The average value of HIS in the winter (1.29 ± 0.03) and summer groups (1.09 ± 0.03) was different (t =3.921, df =10, P < 0.05) ( Table 3 ). There was no difference in the protein content of mitochondria isolated from the liver for winter-acclimatized (5.49 ± 0.56) and summer-acclimatized fish (5.94 ± 0.58).
According to the method by Laning et al. (2005), total mitochondrial respiration rate in the liver (Mo: nmol O 2 min -1 ) was calculated based on Mp, protein content of mitochondria and organ mass (Table 3) . Mo values were significantly higher (P < 0.05) in the winter group than those in the summer group at each temperature except 22.5°C (Table 3 ). The double-logarithmic equation lnMo = a + b lnT was used to describe the relationship between Mo and temperature (Table 2) . Covariance analysis showed the b of the equation for the winter group did not differ significantly from summer, and using the common b (1.217) for the two equations the intercepts (a) were adjusted to 1.102 and 0.685. Further covariance analysis indicated that this difference was significant (P < 0.05). 
Discussion
Incremental metabolic capacity at the liver mitochondrial level reached statistical significance from summer to winter. This finding is similar to some previous work (Egginton et al., 2000; Bouchard and Guderley, 2003; Fangue et al., 2009 ). Mitochondria isolated from red muscle of cold-acclimated fishes have higher oxidation rates at a given assay temperature than those from warm-acclimated ones for sculpin Myoxocephalus scorpius (Guderley and Johnston, 1996) and rainbow trout Oncorhynchus mykiss (Guderley et al., 1997; St-Pierre et al., 1998; Guderley and St-Pierre, 1999; Martin et al., 2009) . Mitochondria isolated from the liver of killifish (Fundulus heteroclitus) also showed cold compensation (Fangue et al., 2009 ). Generally, the acclimation for a certain amount of tissue in response to cold conditions may involve increases in the amount of mitochondria and/or oxidative capacity of individual mitochondrion (Guderley and St.-Pierre, 2002; Guderley, 2004; Fangue et al., 2009) . The change in mitochondrial protein content could reflect changes in mitochondrial proliferation (Lanning et al., 2005) . In this study the protein content of liver mitochondria in winter fish was not significantly different from that summer fish (Table 3) . Thus, the mitochondrial amount in our experiment did not change and metabolic compensation at the mitochondrial level likely resulted from an increase in the oxidative capacity of the mitochondria.
Our results show that the increased percentage of Mp in winter compared to summer ranged from 8.97% to 50.43% (average: 26.63%), and that of Mo ranged from 6.44% to 52.35% (average: 34.02%) (Table3). These data suggest that metabolic compensation at the liver organ level was not only significant, but more efficient than at the liver mitochondrial level. Some studies have indicated that total organ mass differs considerably among seasons for a number of fish species (Seddon and Prosser, 1997; Lanning et al., 2003 Lanning et al., , 2005 . Increases in the mass of organs such as the liver and heart in fish acclimatized to low temperatures may enhance total metabolic capacity (Kent et al., 1988; Seddon and Prosser, 1997; Lanning et al., 2005) . A similar phenomenon was observed in our study. The value of HIS in the winter group was significantly higher than the summer group and indicates that the mass of the liver organ changed during seasonal acclimatization. Due to accumulative effects of both regulations in metabolic capacity and organ mass, the efficiency of metabolic compensation at the liver organ level was improved.
We did not detect metabolic compensation at the whole-animal level in the southern catfish. Although metabolic rates at the whole-animal level in the winter group were higher than in the summer group at each assay temperature, these were not statistically significant. Metabolic compensation at the whole-animal level during seasonal acclimatization or thermal acclimatization has been found in many species (Evans, 1990; Mwangangi and Mutungi, 1994; Carlson and Parson, 1999) , and not others (Tullis and Ballie, 2005; van Dijk et al., 1999 ). It appears that patterns of metabolic compensation at the whole-animal level are species-specific.
The degree of metabolic compensation in response to changes in temperature could be reflected by Q 10 . In general, Q 10 values should range from 2-3 if no metabolic compensation; if metabolic compensation occurs, the Q 10 value would be outside this range (Guderley, 2004) . Pörtner et al. (2000 Pörtner et al. ( , 2007 noted that the regulation of aerobic metabolism at times of critical temperatures determines the temperature tolerance capacity of the organism. We therefore compared Q 10 amongst Ms, Mo and Mp at the low temperature range (12.5-17.5°C) in the winter group and the high temperature range (27.5-32.5°C) in the summer group ( Table 4 ) and found that values of Q 10 for Ms were 2.12 and 2.95 respectively (average: 2.54). Q 10 for Mp was 1.28 for the winter group and 1.34 for the summer group (average: 1.31), and Q 10 for Mo was about 1 (average: 0.95). According to the criterion suggested by Precht (1958) and Guderley (2004) , seasonal acclimatization in the southern catfish results in partial compensation at the liver mitochondrial level and perfect compensation at the liver organ level, but no compensation at the whole-animal level. It has been reported that metabolic compensation occurred at the mitochondrial level for some organs but simultaneously did not manifest at the whole-animal level in whitespotted bamboo sharks Chiloscyllium plagiosum (Tullis and Ballie, 2005) and killifish Fundulus heteroclitus (Fangue et al., 2009 ). On the contrary, in eelpout Zoarces viviparus metabolic compensation at the whole-animal level occurred (van Dijk, et al., 1999) but did not occur at the liver mitochondrial level (Lannig et al., 2005) . During seasonal acclimatization, the effect of metabolic compensation at the mitochondrial level may be inconsistent with that at the whole-animal level in some ectothermic animals, including the southern catfish.
Total metabolism in an organism consists of all metabolic activities in its tissues and organs (Sugizaki et al., 1997; Barger et al., 2003) . Since no compensation at the whole-animal level and significant compensation at the liver organ level were found in the southern catfish during seasonal acclimatization, there should be little or no regulation for compensation in a variety of its other organs. Van Dijk et al. (1999) indicated that thermal sensitivity of adaptive regulation of metabolism was different among various organs in an organism. Fangue et al. (2009) suggested that the effects of thermal acclimation on either mitochondrial enzyme activity or mitochondrial amount were different among various tissues in a fish. Glanville and Seebacher (2006) reported that thermal acclimation treatments had a significant effect on mitochondrial oxygen consumption in the tail muscle of estuarine crocodiles Crocodylus porosus, but not for its liver and heart. Rogers et al. (2007) found out that in striped marsh frog Limnodynastes peronii the metabolic compensation occurred at the liver mitochondrial level and not at whole-animal level, but in the gastrocnemius muscle mitochondria of this frog no metabolic compensation was observed. These studies suggest that patterns of compensation at the mitochondrial level during thermal acclimation are in fact tissue-specific. Overall, metabolic compensation occurred at either the liver mitochondrial level or liver organ level in the southern catfish during seasonal acclimatization, meanwhile the effect of the acclimatization on metabolism was not observed at a whole-animal level. We suggest that during seasonal acclimatization metabolic compensation at the liver mitochondrial level is inconsistent with that at a whole-animal level in the southern catfish. Further research should compare the effects of seasonal acclimatization on mitochondria among various tissues and organs to verify tissue-specific patterns in metabolic compensation.
